Introduction
Particulate matter (PM) air pollution is a suspended mixture of solid and liquid particles of various sizes, composition, and a direct effect on the development and aggravation of atherosclerosis (22) . In addition to its role in the pathogenesis of CVD, there is also some evidence that elevated CRP levels are associated with cancer risk and poor prognosis, as well as the development of rheumatic diseases (23, 24) .
Serum CRP concentration is usually low in normal individuals but can be up-regulated rapidly in response to injury, infection, and other infl ammatory stimuli (25, 26) . Several in vitro studies suggest that CRP levels increase in response to PM exposure (27 -30) . Most animal studies provide strong evidence that CRP levels increase after PM exposure (31 -35) . There is also some suggestive evidence that animal models of certain human diseases have different CRP responses to PM exposure. Signifi cantly stronger PM-induced CRP responses were observed in spontaneously hypertensive rats, compared with rats with normal blood pressure (32, 33) . In another study, serum CRP levels increased signifi cantly in nondiabetic rats after PM 2.5 exposure, but increase of CRP levels in diabetic rats did not reach statistical signifi cance (35) . However, animals in some of the studies were exposed to PM through routes other than inhalation or through inhalation but in a very high dose. In two of these studies, animals were exposed by intratracheal instillation (34, 35) . In the other three studies, animals were exposed through inhalation using very high doses of PM (918 -15,600 μ g/m 3 ), which is more than ten times higher than the ambient level (31 -33) . Moreover, interspecies extrapolation of fi ndings from animals to humans is an issue. Therefore, epidemiologic studies are still necessary to make conclusions concerning the relationship of PM exposure to CRP levels.
Although many epidemiologic studies have been conducted to explore this possible association, the results are far from consistent, and a systematic review of epidemiologic evidence has not been published to date. The present article systematically assesses the epidemiologic studies regarding serum CRP concentration changes in response to PM exposure and evaluates whether serum CRP can serve as a possible intermediate marker to indicate that systemic infl ammation has been induced by PM exposure among humans. Further, we will examine whether PM differentially affects certain subpopulations.
Methods
A systematic literature review was conducted to examine the association between PM exposure and serum CRP levels in humans. PubMed, OVID Medline, and Web of Science databases were searched for epidemiologic studies with terms as follows: (1) outcome: C-reactive protein, CRP, or infl ammation, (2) exposure: particulate matter, PM, or air pollution. Search results from " outcome " and " exposure " were combined. From the identifi ed publications, we examined the reference lists to locate additional relevant studies. We restricted the search to studies conducted among human subjects and written in English. There was no publication date restriction of the included publications.
Data were extracted using a standardized form with a full description of the study characteristics (authors, publication year, study location and period, characteristics of study population, sample size, baseline CRP levels, measurement methods of CRP, PM aerodynamic diameter and peak levels, lag time between PM and CRP measures, main results of CRP levels in response to PM exposure). Where possible, CRP concentrations were expressed in milligrams per liter (mg/L) and PM measures in micrograms per cubic meters (μg/m 3 ). The studies were summarized based on their study designs (cross-sectional study, longitudinal study, and randomized crossover trial) and major characteristics of the study participants, especially their health status. Different study designs were defi ned based on the following criteria. A cross-sectional study is an observational study conducted in a defi ned population at one particular time and compares CRP concentrations among individuals with different PM exposure levels at one specifi c time. A longitudinal study is an observational study with multiple measurements of CRP among the same group of study participants over periods with different levels of PM. In randomized crossover trails, study participants are allocated into groups with a certain level of PM fi rst and switched to another exposure level after a washout period. CRP concentrations are measured and compared upon completion of each exposure session.
We decided not to undertake a meta-analysis and provide quantitative summary measures because of the great heterogeneities across the reviewed studies in characteristics of study populations, laboratory methods to measure serum CRP concentrations, PM levels and properties, lag time between PM exposure and CRP measures, and statistical methods.
Results and discussion
A total of 44 publications that met the aforementioned selection criteria were included in this review. Results for the cross-sectional studies, longitudinal studies, and randomized trials are presented in Tables 1 -3 , respectively. Table 1 summarizes results from 15 cross-sectional studies. We presented the results in children and adults separately because of their different susceptibilities to air pollution.
Cross-sectional studies
Cross-sectional studies in children Signifi cant positive associations between PM exposure and CRP concentration were found in all of the four cross-sectional studies conducted among children younger than 18 years. A study conducted among 2094 Japanese children found that an increased CRP above the 90th percentile (1.4 mg/L) was signifi cantly associated with 3-year mean levels of suspended particulate matter (SPM) [odds ratio (OR) = 1.49, 95 % confi dence interval (CI) 1.07 -2.06] (36) . A study of 374 children in Iran found that levels of PM 10 on the previous 7 days were signifi cantly associated with CRP concentration (p < 0.0001) (37) . Another two studies in Mexico examined the long-term effects of PM and found that children in heavily polluted Mexico City had signifi cantly higher levels of blood CRP compared with those in the control city where air pollution level was low (38, 39) . 73.6 ± 34.0
Results using moving average of PM levels were presented in the format of 3-, 5-, 7-day mean, etc.
a Statistically signifi cant results.
( Table 1 continued) Cross-sectional studies in adults In contrast to studies in children, weaker associations were found in the crosssectional studies conducted in adults, regardless of PM size, lag time of exposure, and smoking or health status of study participants. Three large-scale cross-sectional surveys were conducted to examine the effect of PM 10 on CRP level with lag time of 0 -7 days, 28-day average, and 1-year average, but none of these three studies reported a positive response of CRP to different PM 10 exposure levels (40 -43) . Similar null results were found in four out of the fi ve cross-sectional studies that focused on PM 2.5 , although the effects of various lag time were examined (41, 44, 45) . One study suggested a difference of 3.91 μ g/m 3 in annual PM 2.5 exposure was signifi cantly associated with a 23.9 % increase of CRP in men, but the association lost signifi cance after adjusting for daily PM 2.5 level, which might indicate that daily variations in PM concentrations exerted a short-term effect on blood markers of infl ammation (46) .
In contrast to the largely null fi ndings of the cross-sectional studies conducted among the randomly selected adults, one study conducted among adults with type 1 or 2 diabetes found that the 7-day mean of PM 10 was signifi cantly associated with CRP changes (47) .
Two cross-sectional studies compared CRP levels among women using different types of cooking fuels, with PM levels in households using traditional fuel about three times higher than those in the households that use clean fuel. In one study that found signifi cantly higher levels of CRP among traditional users, subjects in the two groups were matched on age, years of cooking, and secondhand smoke exposure, and this study also has larger sample size (48) . Another study that failed to detect any difference in CRP reported that there was a signifi cant difference in age, years of cooking, and secondhand smoke exposure between the two groups, and a dried blood spot was used to measure CRP (49) . The inconsistent fi ndings of these two studies might stress the importance of controlling for confounders and using a more sensitive assay to measure CRP.
The stronger associations observed in children might relate to their higher susceptibility to the adverse effects of air pollutants than adults. This might be because children spend more time outdoors and have higher activity levels and lung volume per unit body weight, all of which can lead to an increased PM dose per lung surface area and greater adverse effects on the developing lungs and immune system (79) . In addition, adults are more likely to have some medical infl ammatory conditions and take anti-infl ammatory medications, which may obscure the PM-induced CRP reactions. Table 2 shows results of 21 longitudinal studies, which includes 20 panel studies with repeated measures over a short period. We summarized the studies conducted among occupational and general populations separately. We further explored whether healthy adults and adults with different medical conditions had different CRP responses to the PM. M e a n ± SD: This study used classic longitudinal study design.
Longitudinal studies
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Longitudinal studies in occupational populations
Because the levels and composition of PM in occupational settings might differ from ambient PM, occupational studies were reviewed separately. Three occupational studies were identifi ed, and all demonstrated signifi cantly positive associations between PM exposure and CRP levels. The three studies all had very high peak levels of PM compared with ambient levels and great variations over the study period. In a panel of 37 steel production plant workers, CRP levels were found to have a signifi cant positive correlation with levels of PM 1 (range 1.7 -30. ) (52) . These positive results suggested that the high PM exposure levels in the occupational setting might be able to induce synthesis of CRP, and the larger variations of PM levels could enable the detection of meaningful changes of CRP levels. In addition, because occupational populations are mostly likely to be healthy and less likely to use medications that might affect CRP levels, the effect of PM is more easily detected.
Longitudinal studies in healthy adults
We identifi ed ten longitudinal studies conducted among healthy adults, in which most of the study participants were non-smokers. No consistent results were observed in these ten studies. We also examined whether the effects of PM on CRP levels were stronger among populations with higher levels of PM exposure. Because the PM levels in studies conducted among the general population were much lower than that in occupational studies, the values set by the US National Ambient Air Quality Standards (NAAQS) were used as the cut-off for high and low PM exposure.
For PM 2.5 , four studies were conducted among non-smoking healthy adults with peak levels of PM 2.5 higher than the NAAQS (24-h average PM 2.5 35 μ g/m 3 ). Three of these four studies supported a statistically signifi cant or borderline signifi cant association between PM 2.5 exposure and blood CRP levels (53 -55) , and one did not support, such association (56) . Null results were also reported in two other studies with peak exposure levels lower than the NAAQS (57, 58) .
For PM 10 , four longitudinal studies were conducted among healthy adults. One study with a high peak PM level (418 μ g/m 3 ), about three times that of the NAAQS (24-h average PM 10 of 150 μ g/m 3 ), found that the CRP levels increased signifi cantly with increased previous 3-day mean PM 10 levels among 112 non-smoking elderly without cardiac diseases (59) . Another panel study conducted over the period of the Beijing Olympic Games found that the fraction of the CRP above the detection limit value (0.3 mg/L) declined from 55 % in the pre-Olympic period (peak PM 2.5 219.1 μ g/m 3 ) to 46 % during the Olympic period (peak PM 2.5 171.4 μ g/m Table 3 Randomized crossover trials on associations between PM exposure and CRP levels. ] and CRP measurements with time lags from 1 to 4 days before blood sampling among 40 healthy adults, even in the analyses limited to nonsmokers (61) .
Another classic longitudinal study with a relatively high peak level of total suspended particles (TSP) (TSP range 7 -176 μ g/m 3 ), the original indicator for particulate air pollutants used before 1987, found that an increase of 26 μ g/m 3 in TSP exposure raised the odds of having a CRP level above the 90th percentile by 50 % among 631 men free of CVD (62) .
Despite the inconsistent fi ndings among the healthy general population, there is suggestive evidence that higher PM levels during the observation period tended to induce stronger infl ammatory responses. However, because the peak PM levels in the general population were much lower than occupational studies, the effects from PM were more likely to be outweighed by some other time-variant factors that might transiently alter CRP levels, like acute infections, medication use, and the inherent physiologic variability of CRP. These time-variant factors were not effectively controlled in most of the reviewed studies. Another limitation of these studies is the varied criteria used to defi ne " healthy adults ". Most studies just excluded individuals with CVD, and some further excluded individuals with hypertension, diabetes, chronic obstructive pulmonary disease (COPD), and/or infectious diseases. Failure to exclude individuals with infl ammatory conditions in some studies might also mask the relatively moderate effects from PM exposure.
Longitudinal studies in adults with chronic infl ammatory conditions PM-induced CRP responses are also inconsistent among adults with chronic infl ammatory conditions, like CVD, COPD, diabetes, and obesity.
Adults with CVD: Among adults with CVD, one study • with a relatively high peak level of PM 10 (74.5 μ g/m 3 ) supported a positive relationship with CRP levels (63) , whereas the other study with a relatively low peak level of PM 10 (24.63 μ g/m 3 ) did not (64) . However, no clear pattern was observed for PM 2.5 among CVD patients. Only one study found a signifi cant increase in CRP 2 days after relatively low level of PM exposure (peak PM 2.5 27.4 μ g/m 3 ) among ischemic heart disease patients (65) . No statistically signifi cant associations were found for the other three studies, despite the varied peak levels of PM 2.5 across studies (33.9, 66.77, and 83.7 μ g/m 3 , respectively) (57, 63, 64) . Another study was conducted among a special group of CVD patients (i.e., myocardial infarction survivors), and no associations were found between PM 2.5 and PM 10 with serum CRP levels from immediately preceding blood collection up to 4 days (66 (68, 69) . Two studies were conducted among overweight or obese individuals. No notable associations among 3-, 30-, or 60-day mean PM 2.5 levels (mean levels 33.4, 20.7, and 19.1 μ g/m 3 , respectively) and CRP were found among 115 overweight or obese women (70) , whereas another study found that 5-day mean PM 2.5 (peak level 28 μ g/m 3 ) was signifi cantly associated with elevated CRP levels among 14 obese elderly, but not among 4 elderly with concurrent diabetes, obesity, and hypertension (58) .
In summary, we did not fi nd that adults with chronic infl ammatory conditions had enhanced CRP responses to PM exposure. This is contrary to previous evidence that suggested that individuals with medical conditions associated with chronic infl ammation might be more vulnerable to the infl ammatory effects of PM (80) as well as previous animal studies that suggested different CRP responses among animals with hypertension and diabetes to the same dose of PM (32, 33, 35) . One likely reason for the lack of association might relate to their high prevalence of lipid-lowering drugs use, particularly statins, which have been shown to reduce CRP synthesis, as well as their high likelihood of using other anti-infl ammatory medications (81) . Because few of the reviewed studies have controlled for medication use, a transient alteration of CRP levels associated with disease progression and medication use might overwhelm the effect of PM. The lack of controlling for the time-variant confounders may also explain why no obvious responses related to peak levels of PM were observed among adults with chronic infl ammatory conditions.
Randomized crossover trials
The results for eight randomized crossover trials studying associations between PM exposure and CRP levels are presented in Table 3 .
Only one randomized crossover trail with a relatively long intervention period found a signifi cantly positive association between PM exposure and CRP levels. HEPA fi lters were installed in the main activity rooms and bedrooms of 45 healthy adults in consecutive 7-day periods, and the fi ltration reduced indoor fi ne particle concentrations by 60 % compared with the non-fi ltered period. A 32.6 % (4.4 % -60.9 % ) decrease in CRP level was found through using HEPA fi ltration (71) .
None of the other seven randomized crossover trials with shorter intervention period found signifi cant associations between PM and CRP levels. Five out of the seven trials were conducted among healthy non-smokers, and the intervention periods varied from 1 to 48 h. CRP levels were not signifi cantly different among 20 healthy subjects 5 h after exposure to control air or welding fumes for 1-h period (72) . No increase in CRP was found among 13 healthy participants who were exposed to diesel exhaust for 2 h (73) . Exposure to wood smoke or clean air in a chamber for 4 h on two separate occasions did not lead to a signifi cant difference in serum CRP levels (74) . No significant differences in CRP levels were observed after exposure to particle-rich or fi ltered air for 24 h in 29 subjects (75) . Also, fi ltration of indoor air for 48 h in homes did not induce changes of CRP levels among 21 non-smoking couples compared with non-fi ltered air (76) . The other two trials with null results were conducted among individuals with chronic infl ammatory conditions. Serum CRP levels were largely unchanged 6 -8 h after exposure to concentrated ambient fi ne and ultrafi ne particles or fi ltered air for 2 h in patients with stable coronary heart disease (77) . Similar null results were found among 15 COPD patients who were exposed to diesel exhaust and fi ltered air for 1 h on two separate occasions (78) .
The largely negative fi ndings of the randomized trials, with the exception of one trial with a longer intervention period (7 days), might suggest that short exposure duration is not suffi cient to induce a detectable infl ammatory response. Another limitation of some experimental studies is that study participants in the trials were exposed to diesel exhaust, welding fume, or wood smoke, which might not reproduce PM in the natural ambient environment with regards to size and components.
Methodologic issues
Among the included studies, individualized PM exposure data were generally not available and using monitored PM data within certain geographic areas may not represent the actual exposure levels for each individual, which could lead to exposure misclassifi cation. If the exposure misclassifi cation is non-differential, the possible associations between PM exposure and CRP levels were more likely to be biased toward null. However, the effects of differential misclassifi cation can go in either direction and are dependent on the individual circumstances of the problem. The reviewed studies also differed in constituents of PM and lag time between PM exposure and CRP measures, which make summarizing the fi ndings complicated. PM contains a broad range of toxic substances, including transition metals, organic compounds, and biologic fractions. Previous studies suggest that the components of PM exhibited temporal patterns and also varied across geographic locations (82, 83) . The same concentration of PM with different components may have varied ability to induce biologic responses (84) . However, among the reviewed studies, very few analyzed the components of collected PM. It will be more informative to explore the effects of individual components of PM in future studies. In addition, a variety of laboratory methods were used to measure CRP in the included studies, and the assays might have different sensitivities, which may partially explain the inconsistent results across studies and also the limited possibility of conducting a meta-analysis. Another issue is the relatively small sample size among some of the longitudinal studies and randomized trials. Most of the longitudinal studies had a sample size fewer than 100, and all the randomized trials had fewer than 50 participants. Therefore, we cannot exclude the possibility that some of the studies were underpowered in their ability to detect small effects, especially when there was modest change of PM levels over the follow-up period. Finally, yet importantly, some of the reviewed studies did not adequately control for potential confounders, like smoking, disease status, and medication use, which might mask the relatively moderate effects from PM exposure. For example, lipid-lowering drugs, particularly statins, have been shown to reduce CRP synthesis (81) . Some of the included studies suggested a high prevalence of statin use among the participants with CVD (73 % -88 % ) (65, 66) . Certain anti-infl ammatory medications might also affect the levels of CRP (85) . Further studies with better control of those time-variant variables might help to provide more conclusive evidence.
In this review, we focused on the change of CRP levels in response to PM exposure because serum CRP is a widely used clinical marker for systemic infl ammation and the evidence linking CRP with different human diseases is more extensive and consistent. In addition, a substantial number of epidemiologic studies have been conducted to explore the possible relationship between PM exposure and CRP response, but there is no review article to summarize their fi ndings to provide more confi rmatory evidence. Despite the importance of systematically examining the effects of PM exposure on CRP levels, CRP is only one of the many possible biomarkers refl ective of systemic infl ammation, and it is possible for some other pathways not including CRP to lead to infl ammatory responses. In future examinations, other proinfl ammatory markers, like interleukins 1, 6, and 8 and fi brinogen, need to be analyzed to better understand the underlying infl ammatory pathways.
Conclusion
In this review article, children were found to have a greater susceptibility to the PM exposure-induced CRP response, and stronger responses were also observed among healthy adults with higher levels and greater variations of PM exposure. Only one randomized trial with a longer intervention period supported the possible effect of PM exposure on CRP. Further studies are needed to better quantify the magnitude of CRP level changes in response to PM among well-defi ned subgroups of individuals and with effective control of various confounding factors so as to substantiate whether altered CRP levels may play a role in the pathogenesis of PM exposureinduced human diseases.
